Summary. Puberty was studied using 15 (DSO) averaged 1\m=.\1\m=x\109. The correlation between DSP and DSO was 0\m=.\83 (P < 0\m=.\01). There were 9\m=.\57\m=x\109 spermatozoa/epididymis of which 67% were in the cauda.
Introduction
There has been no systematic study of puberty in the colt examining hormonal changes, testicular development and age at puberty. Classic data on testicular development in horses were interpreted (Nishikawa, 1959) as evidence that puberty occurs between 17 and >22 months in Anglo-Norman stallions, and Glassneck (1978) noted a great difference in testicular development among warmblood colts of similar age, but made no conclusions regarding age at puberty. Puberty, as deter¬ mined by seminal characteristics, occurred between 11-5 and 14-5 months in Welsh pony stallions (Skinner & Bowen, 1968) and between 12 and 23-6 months in Quarter Horse colts (Cornwell, 1972) . Wesson & Ginther (1980) studied gonadotrophin concentrations in blood plasma from colts between birth and 8 months; however, it is unlikely that endocrine changes prerequisite for puberty would have been detected. Thompson & Honey (1984) measured changes in LH, FSH, and testosterone values in colts from 6 to 26 months of age, but age at puberty was not determined.
Knowledge of the normal progression of events before and after puberty is necessary if further research is to be conducted on puberty in the horse. The objectives of this study were to: (1) characterize age-associated changes in testicular size and blood concentrations of LH, FSH, and testosterone; (2) determine age at puberty; (3) characterize seminal characteristics and sexual behaviour at 2 years; and (4) evaluate daily sperm production, epididymal sperm reserves, and normality of spermatogenesis at 2 years of age.
Materials and Methods
General. Fifteen cross-bred, light horse colts, born between 10 July and 3 September 1985 (all but 2 born before 13 August) were used. The colts were part of a study to determine effects on offspring of administering an oral pro¬ gestagen (Regu-Mate: Hoechst-Roussel Agri-Vet Company, Somerville, NJ, USA) to pregnant mares. There was no significant effect of prenatal treatment on any reproductive characteristic of the colts (relative to control colts; data not shown), so all data reported herein was pooled across treatment. Foals were maintained on pasture with their dams, and had access to a limited amount of creep feed, until weaned at 16-20 weeks of age. Thereafter, colts received alfalfa hay ad libitum, and a measured daily ration of grain which was formulated to meet 100% NRC requirements for weanling and growing horses (Lewis, 1982 (Nett et ai, 1975) , FSH (Nett et ai, 1979) and testosterone (Berndtson dai, 1974) using procedures validated for horse blood serum. Lower limits of sensitivity were 0-60, 5-35 and 001 ng/ml for the LH, FSH and testosterone assays respectively. All samples were run in 1 assay: intra-assay variations were 7-9, 11-7 and 6-8% for the LH, FSH (Wolfe; ai, 1965) . Seminal collections by artificial vagina (Pickett et ai, 1987) were attempted every 4 weeks from 48 to 64 weeks and every 2 weeks thereafter. Once puberty was achieved, 4 more samples were collected, at 2-week intervals, to ensure that the criteria were met con¬ sistently. Seminal collections resumed at 96 weeks and continued every 3 days until 15 ejaculates had been collected near 2 years of age.
Volumes of gel and gel-free semen, concentration of spermatozoa/ml gel-free semen, and pH were measured (Pickett el ai, 1987) (Hancock, 1952; Pickett & Back, 1973) (Clay et ai, 1987) One testis and epididymis was randomly chosen from each stallion for detailed evaluation, except for 4 stallions who had both testes and epididymides evaluated (2 normal and 2 which had 1 small testis). After thawing, tissues (testicular parenchyma; caput, corpus, or cauda epididymidis) were homogenized (Amann et ai, 1979) using a known quantity of an aqueous solution containing 150mM-NaCl, 3-9mM-NaN3 and 005% (v/v) Triton X-100. Cytometer counts of homogenization-resistant, elongated spermatids or spermatozoa were made by 4 technicians each counting 2 chambers. The mean of the 8 counts was used to calculate number of spermatids/g testis, and per testis, or number of spermatozoa per epididymal region. To calculate daily sperm production (DSP), the number of spermatids in testicu¬ lar tissue was divided by 600 days (Amann et ai, 1976) . The transit time of spermatozoa through each segment of the epididymis was determined by dividing the number of spermatozoa within that segment by the DSP of the testis providing those spermatozoa (Amann et ai, 1976 (Abercrombie, 1946) and results were expressed on a per Sertoli cell basis (Clermont & Morgentaler, 1955) to compensate for differences in diameter of the seminiferous tubules.
Data for 2 stallions were excluded from statistical analysis of testicular histology because the tubules were not typical of a normal testis; many tubules contained few germ cells. Both stallions had reached puberty only 5 weeks before castration.
Statistical analyses. Analyses of variance were used to determine age-associated differences in testicular size, hormone concentrations, sexual behaviour and seminal characteristics, and to analyse for potential differences in sexual behaviour and seminal characteristics within and between ejaculates at 2 years of age. If the F-test was signifi¬ cant ( = 005), means were separated using the Student-Neuman-Keul's procedure (Steel & Torrie, 1980) . Regression analysis was used to describe testicular growth and effect of interval after puberty on DSP/g of testis.
Results and Discussion
Age at puberty
The average age at puberty was 83 weeks + 2-9 weeks, and ranged from 56 to 97 weeks. Of 15 colts, 12 attained puberty by 90 weeks of age. Age at puberty was similar to that reported by Cornwell (1972) for 23 spring-born Quarter Horse colts (69 weeks, range 55-101 weeks), but greater than values reported by Skinner & Bowen (1968) for Welsh ponies (about 55 weeks). Stallions born in March or April probably would not attain puberty at a younger age than colts in this study, since photoperiodic cues involved in timing seasonal cyclicity (Clay et ai, 1987) prob¬ ably are subordinate to other factors. Although 7 of the 15 colts attained puberty in JanuaryMarch, and 6 in April-June, 2 colts attained puberty in September and November, at 56 and 68 weeks of age. Therefore, season of birth probably has little effect on age at puberty in stallions and the discrepancy with data reported by Skinner & Bowen (1968) may be due to other factors such as small sample size, criteria used to determine puberty, level of nutrition, and breed differences.
Two colts were 'shy' and reluctant to serve the artificial vagina. It was suspected that they had sufficient testicular activity to produce a 'pubertal' ejaculate before they actually did (at 85 and 90 weeks). The first ejaculates produced by these colts contained >1·8 IO9 spermatozoa and >35% progressively motile spermatozoa. Exclusion of these colts gave an average age at puberty of 82 weeks. These 2 colts were excluded from all calculations involving interval after puberty.
Testicular growth
Total scrotal width increased linearly (P < 001) from 48 to 88 weeks of age (Fig. 1 ). The increase with age was described by the equation y = 2-89 + 0-89A (r = 0-82) where y is total scrotal width in mm and A is age in weeks. There was no significant difference between total scrotal width at 88 and 96 weeks, May-July (P > 005). Total scrotal width differed between each successive pair of ages (P < 005). Testicular growth continues past 5 years of age in stallions (Nishikawa, 1959; Thompson et ai, 1979; Johnson & Thompson, 1983) . Adult stallions experi¬ encing ambient daylength had maximal total scrotal width in June and July, and then testicular regression began (Clay et ai, 1987) . Since the colts were 96 weeks old in June or July, the apparent plateau of testicular growth between 88 and 96 weeks was probably the first of several annual cessations of testicular growth or development (Pickett et ai, 1989) .
If total scrotal width had been measured from an earlier age, a curvilinear testicular growth pattern would presumably have been detected, similar to that reported for bulls (Curtis & Amann, 1981) . Nishikawa (1959) Since puberty occurred at 83 weeks, and spermatogenesis takes 57 days in stallions (Pickett et ai, 1989) , spermatogenesis was initiated before 73 weeks of age on the average, and as early as 46 weeks in at least 1 stallion. Therefore, the increase in testosterone concentration starting after 72 weeks was coincident with the oldest age at which spermatogenesis could have started. However, because of the great dilution of testosterone in testicular venous blood upon entering the systemic circulation (Ganjam & Amann, 1973) , the concentration of testosterone in the testes may have increased and been sufficient for spermatogenesis before an increase in peripheral concentrations occurred at 72 weeks of age.
Patterns of LH and testosterone concentrations in these stallions (Fig. 2) were similar to those of colts (Thompson & Honey, 1984) , ram lambs (Olster & Foster, 1986) , bulls (McCarthy et ai, 1979; Amann & Walker, 1983) , and boars (Florcruz & Lapwood, 1978) . The characteristic pattern in all species is that LH is low from birth, but has an early initial peak. A rise in testosterone was not coincident with the initial increase in LH secretion, which suggests that Leydig cells initially are unable to respond to LH by secreting testosterone. This rise in LH is postulated to stimulate Leydig cells to begin testosterone production (Amann & Walker, 1983) , but the initial response may be suppressed by seasonality in stallions.
The decline of LH, as well as the time before testosterone concentrations increased significantly appeared to be more prolonged in pubertal stallions than in rams or bulls. Seasonal effects may have prolonged the time required to increase LH and testosterone concentrations. The winter months (September-January) for these colts were from~52 to 72 weeks of age. Clay et ai (1988) reported that seasonal fluctuations in serum LH, FSH FSH secretion in these colts was similar to that reported for spring-born colts (Thompson & Honey, 1984) and rams (Olster & Foster, 1986) (Almquist & Amann, 1976; Lunstra & Echternkamp, 1982) , after which normal percentages of motile spermatozoa were attained. At 96 weeks, the average stallion was 13 weeks after puberty. Possibly stallions require a longer post-pubertal interval for attainment of 50% progressively motile spermatozoa than do bulls, or this group of stallions had reached their adult quality but the subjective observations were unusually harsh.
As expected, seminal volumes and sperm numbers at 2 years were much lower than values reported for adult stallions (Gebauer et ai, 1974a; Pickett et ai, 1976) . Nevertheless, total spermatozoa/ejaculate increased 3-fold between puberty and 2 years of age. Mean DSO was 11 109 (range 0-25-3-37 109), which is much less than the 7-0 109 reported for adult stallions (Gebauer et ai, 1974a; Clay et ai, 1987) .
Total spermatozoa per ejaculate differed (P < 005) among stallions, but variance associated with ejaculates within stallions was not significant (P > 005).
Sexual behaviour
Data for sexual behaviour represented all 15 colts at puberty, but only 12 at 2 years. Data for 3 stallions at 2 years were excluded because they had poor libido and required special management (Pickett et ai, 1976 ).
There was no difference (P > 005) for any of the sexual behaviours at 2 years when data for
Ejaculates 1-5, 6-10 and 11-15 were compared.
Testicular characteristics
There was no difference (P > 0-05) between the left and right testes or epididymides for any weight or size measurement. Therefore, averages for both testes are presented (Table 2 ). However, Nishikawa (1959) and Gebauer et al. (1974b) reported tendencies for the left to be larger than the right testis and that was true of these data (107 vs 100 g). Nishikawa (1959) concluded that the left testis developed earlier and grew more rapidly between 1 month to 4-5 years in 80% of stallions. IO6 (range 6-23-17-22 6). Because the interval from puberty to castration at 2 years ranged from 5 to 45 weeks, data on efficiency of sperm production (DSP/g) were considered on this basis (Fig. 3) . Even by 24-45 weeks after puberty, DSP/g averaged only 11 6 ( = 4) as compared to 17-19 IO6 in adult stallions (Pickett et ai, 1989) . There was a linear relationship between DSP/g and interval after puberty (Fig. 3) Weeks after puberty Fig. 3 . Efficiency of sperm production, expressed as DSP/g testicular parenchyma, for colts castrated between 5 and 45 weeks after puberty. The line of best fit is shown.
Holstein bulls attain their mature efficiency of sperm production by 10-20 weeks after puberty (12-15 months of age; MacMillan & Hafs, 1968; Killian & Amann, 1972) and so increases in sperm production after 12-15 months are due solely to increased testicular weight. In stallions, however, DSP/g or efficiency of spermatogenesis had not reached adult sperm production rates by 19 weeks after puberty. Although further research is needed to determine when adult DSP/g is achieved, it probably is not until the second breeding season following puberty. The correlation between DSP and DSO was 0-83 (P < 001); therefore, DSP accounted for 69% of the variation in DSO. A similar correlation of 0-80 (P < 0-01) was reported for adult stallions (Gebauer et ai, 1974a) . The correlation between DSP and testis weight was 0-76 (P < 001) which is similar to the value of 0-77 (P < 001) reported for adult stallions (Gebauer et ai, 1974b) . DSO and testis weight were correlated (r = 0-86; < 001), as they are in dairy bulls (r = 0-82; Amann & Almquist, 1962) .
Epididymal sperm reserves
The caput, corpus and cauda epididymidis contained 1-51, 1-57 and 6-49 IO9 spermatozoa (per side) respectively. These values were much lower than those for 5-9-year-old stallions (50, 7-8 and 25-8 respectively; Amann et ai, 1979) and this is consistent with the small size of the epididymides and testes of 2-year-old stallions. The cauda epididymidis contained 68% of the spermatozoa in the epididymis which is similar to 67% reported for 5-9-year-old stallions (Amann et ai, 1979) . For the 7 stallions castrated >20 weeks after puberty, transit time of spermatozoa through the caput, corpus and cauda epididymidis averaged 1-6, 1-6 and 7-5 days respectively.
Transit time through both the caput and corpus epididymidis (3-6 days) was similar to values reported for adult stallions at sexual rest (40 days), while transit time through the cauda epididymi¬ dis (7-5 days) was less than the 9-8 days reported for adult, sexually rested stallions (Amann, 1981 (Johnson & Tatum, 1988) . Nuclear diameter averaged 10T, 7-8, 9-6 and 6-5 pm for A-spermatogonia, leptotene spermatocytes, pachytene spermatocytes and spherical spermatids, respectively. For each A-spermatogonium, there were 7-6 leptotene spermatocytes. The ratio of leptotene to pachytene spermatocytes was 1:1 02 and of pachytene spermatocytes to spherical spermatids was 1:3-4. Thus, as in adult stallions (Pickett et ai, 1989) there was little degeneration of primary spermatocytes during prophase of meiosis when compared with the theoretical values of 1:1 leptotene to pachytene spermatocytes and 1:4 pachytene spermatocytes to spherical spermatids (Clermont, 1972) .
Temporal relationship among events associated with the onset of puberty
The infantile period, which is marked by low gonadotrophin concentrations and little gonadal activity, appears to last about 32 weeks after birth in the colt. The beginning of the prepubertal period is marked by changes in the hypothalamic-pituitary axis which result in increased amounts of LH and FSH secretion between 32 and 40 weeks (Fig. 2) . The prepubertal rise in LH secretion has been shown to be a result of increased LH pulse frequency in bulls (Amann & Walker, 1983) and rams (Foster et ai, 1978) . Stallions presumably experience a similar change in frequency of LH secretion during the prepubertal period.
Surprisingly, secretion of LH at rates sufficient to provide 4-8 ng/ml serum before 1 year of age, did not result in a marked increase of testosterone secretion (Fig. 2) Testosterone concentrations began to increase drastically after 72 weeks of age. This was coinci¬ dent with the average age at which spermatogenesis would have had to begin to result in puberty at 83 weeks of age. Release of sufficient spermatozoa from the seminiferous tubules to permit attain¬ ment of puberty marks the end of the prepubertal period. The prepubertal period was also charac¬ terized by rapid, linear testicular growth (Fig. 1) . Testicular growth rate slowed after puberty was attained. Presumably, testicular growth would have been slow during the infantile period, before measurements were made, resulting in a sigmoidal shaped growth curve.
Although efficiency of sperm production increased linearly from puberty to 2 years ( Fig. 3) , adult efficiency of sperm production was not achieved. Percentage progressively motile spermato¬ zoa did not improve from puberty to 2 years, suggesting that the attainment of adult levels of sperm motility may take longer in stallions than other species. Sexual behaviour, as assessed by time to ejaculation and total number of mounts required for ejaculation, were similar to adult levels by 2 years. It therefore appears that different aspects of reproductive development in stallions require different intervals to reach adult levels. Hormonal changes are, presumably, the driving factor in the attainment of puberty. More research is necessary to determine how factors such as breed, level of nutrition and season of birth affect the temporal relationships between hormonal changes and the attainment of puberty in stallions.
